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ABSTRACT
Natural salt springs in the Salt Fork Basin in Crosby County, Texas, result in the natural
salt pollution of the Brazos River, rendering it unusable for most potable purposes. Previous
research indicates that by intercepting the source of the pollution, water quality of the Brazos
River can be greatly improved. This paper investigates and assesses two strategies for salt and
mineral recovery using natural brine collected from the Salt Fork Basin, the first of which is
presented in a separate work.
The research described in this paper evaluates the potential of a desulfation, soda-caustic
softening, acidification/decarbonation, and evaporation process to obtain high purity salts
through the use of PHREEQ-C modeling software in conjunction with laboratory scale tests.
This treatment method was then compared via cost-benefit to previous treatment alternatives
tested.
This treatment demonstrates its effectiveness for the removal of both sulfate and
softening, resulting in a sodium chloride purity of 99.7%. However, the residual concentrations
of the alkaline earth metals used to desulfate the water result in an expensive softening stage.
This paper concludes that the cost-benefit of a softening and acidification treatment is
thus better suited for the generation of high purity when compared to the treatment method
studied.
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1. INTRODUCTION
Salinity of water resources is the primary water quality parameter in the arid and semiarid climates of the southwestern United States. Over the recent decades, this issue has been
exacerbated by an increasing demand coupled with a decreasing freshwater supply, catalyzing
the development of desalination technologies for potable water. Many methods for the
desalination of both seawater and brackish water are available, however, improvements in both
materials and cost-effectiveness have made reverse osmosis (RO) the leading technology for
desalination in the United States, especially in areas where freshwater is scarce [1–3].
Governed by osmotic pressure, RO systems are typically constrained to waters with
approximately 55,000 mg/L of total dissolved solids (TDS), as higher concentrations would
require excessive pressures to generate flux [1]. Electrodialysis and thermal distillation are
technologies well suited for recovering water from high salinity streams. However, instead of
using desalination technologies to treat water from brackish streams, some of these brackish
streams could be treated with less energy-intensive and more cost-effective means by
intercepting point-source salt pollution. Some rivers in the southwestern United States fit this
criteria, where upstream natural salt pollution represents a significant source of salt load into the
river. One such water stream is the Brazos River.
The Brazos River has relatively high salt concentration in its upper reaches that decreases
downstream as the water is diluted by other tributaries [4]. The high concentration of salts is the
result of pollution by natural brines and salt emissions from the geologic formations in the
Permian Basin, characterized by thick halite and anhydrite deposits formed during the late
Guadalupian epoch of the Permian period [4–6].
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Texas A&M University (TAMU) researchers, in conjunction with the U.S. Army Corps
of Engineers (USACE), the U.S. Geological Survey (USGS), and other entities, demonstrated
that point-source control methods would be effective in reducing the upstream salt loading of the
Brazos River [4]. While the TAMU and USACE study focused on impoundments and deep-well
injection as control measures, previous work performed at the University of Texas at El Paso
(UTEP) indicates that a cost-effective solution to reduce the salt loading on the Brazos River is
to intercept the saline springs and recover salts and minerals [7].
The goal of this research was to evaluate two chemical treatment processes for obtaining
high purity sodium chloride and other usable salts and minerals from high salinity sedimentary
basin brine collected from the Salt Fork of the Brazos River. The first of the two treatment
process, performed by Priscilla Sandoval, attempts to achieve this goal by softening prior to
evaporation, will be referred to as Method A and is detailed in a separate paper. The second
treatment, which is detailed in this paper, is a four-step desulfation, softening,
acidification/decarbonation, and evaporation process, and will be referred to as Method B.
The objectives of this research were to a) evaluate the effectiveness of Method B in
removing impurities from the brine; b) analyze the cost-benefit of Method B, and; c) compare the
effectiveness of Method A versus Method B.
1.1

Source Waters
Water used in this project, hereafter referred to as source brine, is sedimentary basin brine

collected from a groundwater well located within the Salt Fork, a tributary in the upper basin of
the Brazos River. This 3,900 km2 area of the Salt Fork and its adjacent subwatersheds, shown in
Figure 1 below, contains various salt springs and seeps in a landscape composed of gypsum and
salt crusted plains, making it the largest point-source salt emitter into the Brazos River.
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Figure 1 - Salt Fork of the Brazos River [8]
The Brazos River intersects this tributary at the confluence of the Salt Fork and Double
Mountain Fork, early on where it emerges with 40,000 mg/L TDS [4]. USGS gages downstream
show decreased concentrations of salts on the Brazos 1,510 km and 148 km from the Gulf of
Mexico with 12,400 mg/L TDS and 340 mg/L TDS, respectively, as other inflowing tributaries
dilute the salt load [4].
Table 1 summarizes the chemistry analysis performed by Ana-Lab Corp. in 2007 on
collected brine samples. Prior to treatment, the brine’s sodium and chloride ions constitute a
mass fraction of 96.3% of all solutes. Other constituents include sulfate, magnesium, potassium
and calcium, which comprise 3.6% of the total solutes. Trace amounts of boron, bromide,
copper, iron, and strontium were also measured, yet they only account for 0.014% of the total
solutes.
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Table 1 - Brine analysis from Salt Creek Well 2 a
Concentration
mg/L
meq/L

Ion
Na

89,000

3,871

K

1,520

39

Ca

775

38.65

Mg

1,370

113

-

4,062

177,000

4,993

6,510

136

45

1

-

5,129

Total Cations
Cl
SO4
Alkalinity as CaCO3
Total Anions
Total Ions

276,220

-

TDS
255,000
Ionic Content
9.18 eq/L
Ionic Strength
4.74 M
a
Water quality analysis adapted from AnaLab Corp.

As mentioned, the geologic deposits in the region formed as an inland sea evaporated in
the late Permian period [4–7]. The evaporation of this inland sea, which had a similar
composition to modern sea water, evolved into a sulfate rich and calcium depleted brine after the
precipitation of calcite and gypsum while maintaining halite saturation [5]. Unlike many other
brines in the Permian Basin, the Salt Fork brine does not show any contamination of
hydrocarbons [6].
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1.2

Salt Production
As demonstrated by the chemical composition above, the source brine has the potential to

produce sodium chloride salts. As an industry, the value of salts increase with purity. In order to
be considered food grade salt, salt must have a minimum sodium-chloride content of 97% on a
dry matter basis [9]. Further investigation into the USGS Salt and Minerals Yearbook provides
insight into the value of salts at different purities, as shown in Figure 2.

Value, dollars per tonne

200

150
Brine
Rock Salt (97 - 99% NaCl)

100

Solar Salt (99 - 99.7% NaCl)
50
Vacuum and Open Pan Salt
(99.8 - 99.95% NaCl)
0
2010

2011

2012

2013

2014

Year

Figure 2 - Value of Salt by Grade [10]
The wide gaps in value are in response to the purity of the salt produced. Whereas brine
simply refers to a salt water stream, rock, solar and vacuum salts may undergo various processes
to achieve higher purities. Sodium chloride purity ranges for rock, solar, and vacuum salts are
97% - 99%, 99% - 99.7%, and 99.8% - 99.95%, respectively [11]. While these salts meet the
purity criteria for food grade salt, rock salt is one of the lowest grades of salt available and is
generally used for deicing roads and walkways. If left untreated, the source water appears as a
suitable slurry for deicing roads, having a sodium chloride content comparable to sea salt or rock
salt [11].
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2. MATERIALS AND METHODS
2.1

Research Approach
This research assessed two treatment methods that were tested at the laboratory scale for

the production of salt from the source brine. Treatment Method A, as was performed in previous
work by Sandoval, attempts to precipitate hardness (calcium and magnesium) impurities through
softening prior to evaporation, while Treatment Method B attempts to remove both sulfate and
hardness prior to evaporation. As the work for Method A was performed separately, only the
results of the work is discussed below. A process schematic of each is shown below in Figure 3
and will be discussed in further detail in the following sections.
Method A
Softening and
Acidification
Brine

Method B
Desulfation, Softening, and
Acifification
Na2CO3

Process I
Softening

Brine

MeCl2

Process I
Sulfate Removal

Precipitate I
MeCO3

nH2O

Precipitate I
MeSO 4

Na2CO3 + NaOH

Process II
80% Evaporation

Process III
Brine Wash

NaCl Brine

HCl

Process II
Softening

Precipitate II
MeCO3
HCl

Evaporite
NaCl

Process III
Evaporation

Evaporite
NaCl

Zero Liquid
Discharge

Wash Waste

Figure 3 - Studied treatment processes for high-purity halite recovery
Prior to initiating laboratory-scale tests, the production of sodium chloride as well as the
characterization of minerals formed via the two treatment methods was modeled using
6

geochemical software. The modeling software PHREEQ-C (pH-REdox-EQuilibrium), available
through the USGS, has the ability to simulate complex aqueous chemical reactions, taking into
account the various interactions that occur between gases, aqueous, and solid solutions using
equilibrium chemistry [12]. By using this software to model the evaporation of the source waters
and its associated treatments, insight into the necessary chemical doses required to obtain a high
purity sodium chloride via evaporation was be obtained.
2.2

Modeling
Since the value of salt increases with purity, models were generated to determine the

feasibility of producing sodium chloride contents above 99%. In order to obtain these high purity
salts calcium, magnesium, potassium, and sulfate concentrations must be sufficiently reduced.
Evaporation simulations were generated with PHREEQ-C for three cases: 1) untreated brine, 2)
treatment brine following Method A, and 3) treated brine following Method B. The compounds
and processes used to achieve these treatments is detailed in the sections below.
PHREEQ-C offers various models for processing chemical reactions. Since the ionic
strength of the source water is higher than 4.5 M, Pitzer’s database was used [3]. As reviewed
by Mohammadesmaeili et al. [13], Pitzer’s model parameters have been evaluated extensively
and are applicable with single and multi-component electrolyte solutions.
Simulations were created assuming an open system. This decision was made based on
knowledge of conventional water treatment processes and evaporation ponds, in which process
waters are typically allowed to interact with the atmosphere in open tanks, vessels, or ponds
[2,3,14].
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2.3

Method B: Sulfate Precipitation, Soda-Caustic Softening, and

Acidification/Decarbonation
While the Treatment Method A leaves contaminants in solution to the 80% evaporation
limit, it is likely that an industrial process would incorporate a crystallizer resulting in 100%
evaporation. In order to obtain high purity sodium chloride, contaminants would need to be
removed prior to the evaporation. Treatment Method B sequentially removes contaminants while
producing usable salts and minerals through a three-step process of sulfate removal, softening,
and evaporation (Figure 2).
This method uses alkaline earth metal (Me2+) chlorides mixed with the brine to
precipitate sulfate in Step I. Residual aqueous alkaline earth metals are then removed in Step II
through the addition of sodium carbonate (soda-ash) or through a combination of both sodium
carbonate and sodium hydroxide (caustic soda). Prior to evaporation (Step III), the solution is
dosed with hydrochloric acid to decarbonate prior to crystal formation. Details of dosing and lab
methodology are explained below.
2.3.1 Sulfate Removal
Sulfate is the largest impurity in the brine and accounts for 2.4% of TDS. To remove the
sulfate, the brine was supersaturated with an ionic-bonding cation to form a precipitate. Equation
2 summarizes the general chemical reaction for sulfate removal:
𝑀𝑒 2+ + 𝑆𝑂42− ↔ 𝑀𝑒𝑆𝑂4 (𝑠)

(2)

where, Me2+ is an alkaline earth (divalent) cation. The solubility product constant (Ksp) of this
reaction is given by Equation 3:
𝐾𝑠𝑝

[𝑀𝑒 2+ ][𝑆𝑂42− ]
=
[𝑀𝑒𝑆𝑂4 (𝑠)]
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(3)

Per definition, as Ksp decreases in value so does the solubility of the of the reactants [15].
By taking the negative logarithm of Ksp (pKsp) the values can be compared by order of
magnitude, as shown in Table 2.
Table 2 - pKsp for formation of solids from metals and ligands a
Ca2+
2+

Mg
Sr

CO32-

SO42-

5.19

8.35

4.62

11.16

7.45

-

2+

-

9.0

6.5

2+

-

8.3

10

Ba
b Table

OH

adapted from Stumm and Morgan (1993) [16]

The alkaline cations calcium, strontium, and barium appear to be good candidates for
sulfate removal since their pKsp values indicate they are relatively insoluble with both sulfate and
carbonate [16,17]. While barium appears to be the best alternative for sulfate removal, studies on
oil-field brines have shown that radium and radon preferentially accumulate with barite (barium
sulfate), thus potentially leading towards the generation of low-level radioactive waste [18,19].
Thus, only calcium chloride and strontium chloride were tested in this research. Based on pKsp
values listed in Table 2, strontium is less soluble with both sulfate and carbonate and in terms of
effectiveness may be the better choice.
PHREEQ-C simulations were generated for the addition of both calcium chloride and
strontium chloride. These simulations were used to determine the required dose of each for
sulfate removal. To verify the modeled precipitation of sulfate, laboratory tests were performed
using various calcium and strontium doses. Two methods of dosing were used on the brine:
powder dosing, and slurry dosing. The powder doses were measured and mixed directly into a
corresponding volume of brine, while the slurry dose was measured from a stock solution and
injected into a determined brine volume.
9

Mixtures were performed inside volumetric flasks along with magnetic stirring bars. In
order to simulate an industrial process, the treated solutions underwent 45 – 60 seconds of rapid
mix upon dosing of powder or slurry, followed by 15 – 20 minutes of gentle mixing to simulate
flocculation. The turbid solutions were then poured into graduated cylinders and allowed to
settle. The supernatant from these mixtures was then decanted for use in the softening step.
2.3.2 Softening
Soda-ash was chosen to perform the softening in addition to caustic soda due to the low
carbonate content in the brine. While PHREEQ-C models were an option for determining the
addition of soda-ash, the quantities added were based on the experimental results from the sulfate
removal. The stoichiometric dose for the required carbonate was calculated using Equation 4.
𝑁𝑎2 𝐶𝑂3 + 𝑀𝑒 2+ → 2𝑁𝑎 + + 𝑀𝑒𝐶𝑂3 (𝑠)

(4)

Conventional softening typically employs an excess lime (CaO) dose to ensure
precipitation of calcium carbonate and magnesium hydroxide. This is done to ensure that enough
carbonate and hydroxide are present to catalyze the formation of these precipitates.
Similarly, laboratory tests were performed using 1.5, 2.0, and 3.0 times the stoichiometric
dose to determine if larger doses would more result in more effective softening by raising the pH
to the desired levels for both calcium/strontium and magnesium removal. Preliminary tests
demonstrated that soda ash addition alone was not sufficient to increase the pH of the brine to the
desired levels for carbonate abundance. According to Crittenden et al. [3], a pH between 9 and
12 is most optimal in formation of carbonate. Furthermore, the pKsp of magnesium hydroxide
indicates that the pH of the water should be above 11.2 to promote precipitation of magnesium
[15].
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Due to the relative insolubility of soda ash in water, applying a powder dose to the brine
was chosen as the best method for delivery. Similar to the sulfate removal experiments,
volumetric flasks coupled with magnetic stirring bars were used. The desulfated solution was
mixed rapidly for 30 – 60 seconds with soda ash and caustic to raise its pH above 11.5, and then
slowed for 15-20 minutes of flocculation. Literature based studies recommend 20 to 30 minutes
of contact time in conventional softening for effective precipitation of calcium carbonate [3].
The solution was placed in a graduated cylinder and allowed to settle, at which point the
supernatant was decanted.
2.3.3 Evaporation
Prior to evaporation, the brine needs to be acidified to decarbonate and avoid the
formation of sodium bicarbonate, sodium carbonate, calcite, dolomite, and celestite.
Hydrochloric acid was added to the solution to reduce the pH below 4, where nearly all of the
total carbonate is in the carbonic acid and carbon dioxide [15]. This acidification allows
dissolution of carbon dioxide from the brine. The decarbonated brine was then placed in the oven
at 105°C to evaporate.
2.4

Water Quality Analysis
For the purpose of this study, halite purity was calculated as follows:
% 𝑁𝑎𝐶𝑙 𝑃𝑢𝑟𝑖𝑡𝑦 =

𝐶𝑁𝑎 + 𝐶𝐶𝑙
× 100% (1)
∑𝑖 𝐶𝑖

where, Ci is the concentration of ion i in the solution.
The concentration of both anions and cations were obtained using DIONEX ICS-2100
and ICS-1100 ion chromatographs (IC), respectively [20]. Inter-stage supernatant collected from
each process was diluted with deionized (DI) water prior to IC analysis due to equipment
constraints. The salts and precipitates collected at the end of each process were dried and
11

dissolved in DI water to form a 100 mL solution near the 1100 µS/cm conductivity limit of the
IC and analyzed for purity. For cases where concentrations of constituents were too small to
detect on the IC, samples were analyzed using a Perkin-Elmer Optima 7300 DV Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) due to its higher sensitivity.
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3. RESULTS AND DISCUSSION
3.1

PHREEQ-C Simulations
PHREEQ-C simulations for the evaporation of untreated brine are shown below in

Figure 4 with the chemical composition of minerals is defined in Table 3. As shown in Figure
4(b), the formation of calcite and gypsum occurs early on in the evaporation sequence, prior to
the formation of halite. While the Pitzer database also includes the formation of dolomite and
magnesite, neither was included here because their formation in aqueous solutions is kinetically
inhibited at temperatures below 50°C [21].
Halite is predicted to begin precipitating after 30% evaporation, and beyond 70%
evaporation, various carbonate and sulfate based compounds are precipitated. At 95%
evaporation, gypsum and glauberite (both containing calcium and sulfate) are the two main
contaminants. PHREEQ-C solid phase assemblage shows that at full evaporation there is a
96.5% halite formation.

13

(a)

(b)

Figure 4 – PHREEQ-C simulation of untreated brine evaporation
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Table 3 - Composition of minerals
Mineral

Formula

Anhydrite

CaSO4

Bloedite

Na2Mg(SO4)2∙4H2O

Burkeite

Na6(CO3)2(SO4)2

Calcite

CaCO3

Celestite

SrSO4

Dolomite

CaMg(CO3)2

Glaserite

NaK3(SO4)2

Glauberite

Na2Ca(SO4)2

Gypsum

CaSO4∙2H2O

Halite

NaCl

Hexahydrite

MgSO4∙6H2O

Magnesite

MgCO3

Pirssonite

Na2Ca(CO3)2∙2H2O

Polyhalite

K2MgCa2(SO4)4∙2H2O

Sylvite

KCl

Syngenite
Trona

K2Ca(SO4)2∙H2O
Na3H(CO3)2∙2H2O

3.1.1 Method A – Soda Softening and Acidification/Decarbonation
After pre-treatment with a stoichiometric dose of soda ash, calcite spontaneously
precipitates from the solution prior to initiating evaporation sequences. Assuming pre-treatment
removal of 99.99% of the calcium from the brine, as evaporation takes place (Figure 5), celestite
formation begins near 70% evaporation. Should calcite be removed prior to evaporation, a 98.2%
halite purity can be achieved at 100% evaporation with this method.
It should be noted that burkeite and glaserite do not form until the solution has reached
approximately 93% evaporation. At this point, halite purity is predicted to be 99.998%. While
promising, these calculations assume complete reaction kinetics and full sedimentation of the
precipitates. It is assumed that washing the halite crystals with a solution saturated with sodium
chloride would produce a high-purity halite product.
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(a)

(b)

Figure 5 – PHREEQ-C simulation of brine evaporation with Method A
3.1.2 Method B – Sulfate Precipitation, Soda Softening, and Acidification/Decarbonation
A multi-stage PHREEQ-C simulation was created to simulate the treatment processes by
Method B, assuming stoichiometric dosing and decanting between each stage (Figure 6).
Calcium and strontium were compared for the removal of sulfate; however, Figure 6 only
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demonstrates the simulation for calcium chloride treatment for sulfate removal. By using the
stoichiometric doses, it is assumed that all elements in solution react to completion.
Through an iterative process of modeling and laboratory work, described in section 3.2
below, the optimal doses for sulfate removal were evaluated. Figure 7 demonstrates the aqueous
species along with the quantities of solids formed as a result of a 0.2 molal dose of calcium
chloride. Compared to Figure 6(a), Figure 7(a) demonstrates that a higher dose results in residual
calcium ions in the aqueous form. Similarly, the results of the PHREEQ-C simulations
correspond to the reduced values of sulfate discussed in section 3.2.
Similar to Method A, the PHREEQ-C simulation showed removal of the sulfate through
precipitation of gypsum and calcite (prior to initiating the evaporation). The simulation shows
the formation of burkeite, glaserite, and syngenite at approximately 93% evaporation. The
dominance of these materials towards the end of the evaporation sequence is a result of the
abundance of potassium and incomplete removal of sulfate in the solution. Sulfate removal
calculations were performed under the assumption that no other calcium complexes would form,
however, the PHREEQ-C simulations demonstrate the formation of multiple sulfate compounds.
In order to address this, PHREEQ-C simulations were generated for both calcium
chloride and strontium chloride dosing, and can be found in the Appendix. As was expected,
PHREEQ-C demonstrated the effectiveness of strontium chloride of calcium chloride for sulfate
removal. These graphs were used to determine the dose values to be used on the bench scale
laboratory tests.
At 94 and 100% evaporation the solid phase assemblage shows approximately 99.996
and 98.5 halite purity, respectively. Major constituents preventing high purity towards the end
are burkeite, glaserite, and syngenite, which are formed from the residual sulfate, calcium, and

17

potassium. While this method is more chemical-intensive than Method A, there is opportunity to
harvest gypsum, celestite, calcite, and strontianite as a treatment byproduct with some saleable
value.

(a)

(b)

Figure 6 - PHREEQ-C stoichiometric dose simulation of brine evaporation with Method B
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(a)

(b)

Figure 7 - PHREEQ-C optimal dose simulation of brine evaporation with Method B
3.2

Laboratory Tests

3.2.1 Step I - Sulfate Removal
After addition of the calcium chloride or strontium chloride, the concentrations of sulfate,
calcium, and strontium were measured following sedimentation in the supernatant using ion
chromatography. As can be seen in Figure 8, less strontium chloride than calcium chloride is

19

required to achieve a high percentage of sulfate removal. Stoichiometrically, a 0.072 molal dose
is required to remove the sulfate. However, due to the high ionic strength, excess doses of each

SO4 removed by Sr

SO4 removed by Ca

[Sr] Residual

[Ca] Residual

Stoichiometric Dose

100%

50,000

80%

40,000

60%

30,000

40%

20,000

20%

10,000

0%

Residual, mg/L

Sulfate Removed

metal was needed improve the removal of sulfate.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Dose, mol/kg H2O

Figure 8 – Comparison of calcium and strontium by sulfate removal efficacy
With a 0.1 molal dose of strontium chloride, 96% to 98% of total sulfate was removed,
leaving approximately 1500 mg/L of strontium as residual. Calcium, on the other hand, can
achieve between 80% to 90% removal with a 0.3 molal dose, resulting in a residual calcium
concentration between 5,500 and 7,500 mg/L. The highest sulfate removal obtained through the
use of calcium chloride was 94% at a 0.6 molal dose, which results in a residual near
16,400 mg/L.
While it may appear that strontium is the clear choice for sulfate removal, strontium
chloride is much more expensive. Price quotes obtained for calcium chloride anhydrite and
strontium chloride hexahydrate (SrCl2∙6H2O) were $0.325 and $2.16 per pound, respectively.
On a molar basis, strontium is 16 times more expensive than calcium. As shown in Figure 9,
calcium can remove 80% to 90% of the sulfate for $14 to $50 per cubic meter of raw brine while
maintaining impurities below 3% (although, the following softening treatment step will remove
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most of the residual calcium). However, interpolating between data points, strontium could
remove 80% to 90% of the sulfate for costs approximately $120 per cubic meter of brine. Based
on the project goal of achieving high purity halite, only calcium and strontium doses achieving
greater than 80% sulfate removal, coupled with residual metal concentrations below
10,000 mg/L were considered for softening tests.

SO4 removed by Ca

SO4 removed by Sr

Treatment Cost, $/cubic meter

250
200
150
100
50
0
0%

20%

40%

60%

80%

100%

Sulfate Removed

Figure 9 – Comparison of calcium and sulfate costs for sulfate removal
The high ionic strength of the brine results in incomplete reactions in Step I, resulting in a
brine with low carbonate alkalinity and high residual concentrations of either calcium or
strontium. Figure 10 shows the average alkalinity and residual for doses given. While alkalinity
is directly correlated with the amount of residual calcium in the Step I supernatant, it is inversely
correlated with the amount of residual strontium. This indicates that the strontium dose was also
precipitating some strontium carbonate.
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Figure 10 - Step I residual alkalinity and Me2+
3.2.2 Step II - Softening
Initial softening tests showed that soda ash alone, even at three times the stoichiometric
dose, was ineffective at raising pH to the desired level for precipitation of carbonates. Through
tests performed on the Step I supernatant, it was observed that between 0.15 to 0.30 mol of
sodium hydroxide per liter of Step I supernatant were needed to increase the pH from
approximately 7.5 to 11.5, depending on the soda ash dose.
Using a combination of soda ash and sodium hydroxide in Step II, concentrations of
calcium, magnesium, and strontium were reduced below the ion chromatography detection limits
for all experiments [22]. The cation concentrations for these samples were analyzed using ICPOES, however, they were below the ICP detection limits of 40 mg/L, 1 mg/L, and 0.4 mg/L for
calcium, magnesium, and strontium, respectively. This indicates that as long as the carbonate
demand is met, elevating the pH to promote formation of carbonates and magnesium hydroxide
is the controlling factor, regardless of soda ash dose.
Furthermore, IC analysis of the water also demonstrated lowered values of potassium
from approximately 1,500 mg/L to a range of 500 – 600 mg/L. It is speculated that this
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reduction in potassium is due to co-precipitation during sulfate removal and/or softening
processes. Table 4 shows the summary of hardness removed.
Table 4 - Soda ash and caustic softening summary
Molal
Dose
Ca
0.2
0.3
Sr
0.1
0.2

3.3

NaOH Dose,
mol/L Brine

Hardness Removed,
%

0.20
0.40

> 99.9%
> 99.9%

0.15
0.15

99%
> 99.9%

Sodium Chloride Purity
Table 5 shows the sodium chloride purity obtained through each of the methods tested.
Table 5 - Average NaCl Purity
Molal
Dose

Untreated
96.3%

Method
A
99.3%

Method B
Step I
-

Method B
Step II
-

Ca
0.2
0.3

-

98.2%
97.4%

99.4%
99.6%

0.1
0.2

-

98.9%
96.1%

99.7%
99.7%

Sr

It is apparent that the treatments increased the sodium chloride purity of the brine,
however, under the more chemical intensive procedure, Method B was able to obtain between
0.1% and 0.4% higher purities in comparison to Method A. While the purity differences may
seem small, Figure 1 serves as a reminder that a small increase in purity can more than double
the value of the salt.
The importance of the brine wash step is fairly apparent in Method A, where a less
intensive treatment was able to achieve a sodium chloride purity greater than 99%. Theoretically,
the brine wash solution is saturated in sodium chloride, thus only other ions would dissolve,
however, washing will lead to loss in materials [11]. This is especially important in obtaining
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high purity salt since other precipitates on the crystal’s surface will result in moisture absorption.
Alternatively, if the solution is left as a brine after removal of sulfate, calcium, and magnesium,
it has the potential to be used in the chlor-alkali industry to produce chlorine, hydrogen, and
sodium hydroxide [23].
Stoichiometric calculations were used to estimate the mass of sodium chloride produced,
assuming the element with the smallest molar concentration to be the limiting reagent for sodium
chloride crystal formation. Estimated production of salt from both Methods A and B is discussed
below.
3.4

Process Materials
Secondary materials produced by both Method A and B processes are listed on Table 6.

These materials, dependent on their purity and quality, can be sold or used to offset the treatment
costs. Prices and potential markets were investigated using the most recently published USGS
mineral statistics and information [24]. The variable prices on both gypsum and calcite are
dependent on their end production. Calcinated, or burned, gypsum sells at a higher value and
can be used to fabricate fire-retardant wallboard. The large price range shown for calcium
carbonate is an artifact of the limestone/dolomite market. At the low end is crushed limestone,
whereas as the high end is dimension stone (price varies by aesthetic appeal).
Material production in each process was estimated using stoichiometric calculations
along with the assumptions that the materials will exist completely in one form. The quantity of
gypsum produced in Method B, for example, was calculated using the difference between pre
and post treatment concentrations of sulfate.

The estimated quantities of these materials

generated in each process are shown in Table 7. More accurate estimates of material production
require pilot-level study.
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Table 6 - Potential products from treatment
Product Name
Gypsum

Calcium carbonate - Magnesium
hydroxide
Strontium sulfate
(celestine/celestite)
Strontium carbonate (strontianite)
and magnesium hydroxide

Chemical
Composition
CaSO4∙2H2O

$ per tonne

Potential applications/markets

7.69 - 28.59 1

9.10 – 199 2

CaCO3
SrSO4

305 3

SrCO3

380 3

Wallboard production, plaster products,
cement production, agriculture, slope
stabilization, fertilizer
Lime production, paper pigment
Precursor for other strontium
compounds
Pyrotechnics, electric applications,
iridescent glass, ceramics,
superconductors

1

Adapted from USGS Mineral Statistics and Information
Price range is variable on whether gypsum is crude or calcinated
3
Price range is variable on production method
4
Price based on the amount of strontium in compound
2

Table 7 - Estimated production of materials and associated cash flows (ML Brine)-1
Method
A
0.2 m Ca
Estimated Product Quantities, tonnes
Sodium Chloride
Gypsum
Celestite
Calcite & brucite
Strontianite & brucite
Estimated Chemical Costs, $

Method B
0.3 m Ca
0.1 m Sr

0.2 m Sr

400
-

312
9
13
-

302
10
20
-

313
12
4

306
12
19

-

15,500

22,900

118,900

237,800

4,425

12,000

24,000

9,000

9,000

Total
Estimated Revenue, $

4,425

27,500

46,900

119,000

238,000

Sodium Chloride 3

32,544

25,348

24,609

25,432

24,921

Process Materials4

-

161

233

4,042

9,720

32,500

25,500

24,800

29,500

34,600

28,075

(2,000)

(22,100)

(89,500)

(203,400)

Sulfate Removal 1
Softening 2

Total
Estimated Profit 5
1

Material cost based on quoted prices for anhydrous calcium chloride and strontium chloride hexahydrate
based on quoted values for soda ash, caustic soda, and muriatic acid

2 Price
3 Price
4
5

based on USGS average value for solar salts [25]
Sale value based on low end of value range
Dollars per million liters of brine treated

25

3.5

Cost-Benefit
Table 7 shows the estimated salt and material production along with the associated cost

and revenue streams calculated based on laboratory experiments. Due to the sodium chloride
purity range achieved, its value was assumed to be equivalent to the value of solar salts.
Treatment costs were estimated using industrial chemical price quotes. Costs shown do not
include energy or any industrial costs, such as equipment purchase or operations and
maintenance, and reflect only chemical purchase and use. Materials produced in the process
were valued using the available data from the USGS minerals statistics, using the conservative
lower bound of price ranges available [24].
As shown, only Method A appears to yield a profit margin do to the high costs of
Method B desulfation and softening. The use of strontium chloride for sulfate removal appears to
be 10 times more expensive. In terms of the softening, the high cost obtained in Method B is a
result of the necessary caustic addition required to raise the pH to the levels mentioned in Section
3.2.1.2. The cost of soda ash addition for treatment is negligible when compared to the costs of
caustic soda and muriatic acid doses required for these processes. In fact, they account for 99%
of the softening costs.
The use of a brine wash to remove impurities from the crystallized salt appears to be the
key process in achieving high purity, as shown by Method A, which involved minimal chemical
treatment, thereby decreasing the cost and increasing the potential profit. It is expected that
utilizing a brine wash on Method B may result in increasing purity above 99.7%, more than
doubling the potential revenue obtained from the sodium chloride crystals. Should this be the
case, the salt will fall within the purity range of vacuum and open pan salts resulting in a profit
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for Method B calcium chloride treatments. This profit, however, would still be less than the
estimated profit from Method A.
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4.

CONCLUSIONS

Experimental investigations based on PHREEQ-C modeling were carried out to evaluate
two approaches for salt and mineral recovery from a brine stream. Brine samples collected from
the Salt Fork Basin underwent these two treatment approaches which encompassed delaying the
precipitation of competing minerals and the removal of constituents, respectively. As
experiments progressed, the secondary goal of mineral recovery to minimize waste streams was
explored.
PHREEQ-C models provided insight into the formation of minerals during precipitation
along with the desired delay response of the treatment alternatives. According to the model, full
precipitation, regardless of prior removal of constituents, still results in the formation of
impurities due to the abundance of potassium and residual sulfate and hardness. The success of
Method A in achieving high purities relies on this fact.
While both methods were effective at producing salt with a comparable sodium chloride
purity greater than 99%, Method B, which incorporated chemical treatment to precipitate
constituents prior to crystallization, is not profitable. This difference is attributed to the high cost
of sulfate removal from the source waters. Of the two alternatives tested for sulfate removal,
strontium was the most effective. However, its use is cost prohibitive. Tests performed using
calcium dosing result in comparable sodium chloride purities at an tenth of the cost.
A key process for obtaining high purity halite crystals observed in the laboratory tests
was the brine wash, utilized by Method A. While the process did not incorporate a step to
remove sulfate, forcing its complexes to form along with carbonates at the later stages of
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evaporation results in crystal formation outside of the halite lattice, making the brine wash potent
at removing impurities.
4.1

Broader Applications
The work produced in this research has broader applications, namely in concentrate

management for desalination systems, where concentrate disposal can potentially run 5 to 33%
of total desalination costs [2]. By implementing methods to recover salts and minerals, these
costs can be offset while mitigating potential environmental hazards associated with its disposal
[2].
Alternative options exist that attempt to extract further use from the concentrate,
reviewed by Morillo et al. [2] and Gonzales et al. [26]. Full scale implementation of these
technologies thus far has been limited, however, applications are promising for inland
desalination plants where disposal options are limited and aquifer contamination is a concern [2].
The patented SAL-PROC process, for example, sequentially extracts the dissolved elements
found in the concentrate in the form of salts and minerals that can then be sold [2,27]. Research
and a desktop pre-feasibility study shows that the SAL-PROC process can produce gypsum,
calcite, calcium chloride, magnesium hydroxide, sodium chloride, and sodium sulfate, depending
on the concentrate quality [27].
4.2

Future Work
Treatment Method B attempted to generate revenue by producing salts along with other

usable materials. Unexpected were the heavy costs of sulfate removal and the subsequent
softening. Alternatively, by using hydrated lime (calcium hydroxide) to raise the pH and saturate
the solution with calcium, it is possible to promote sulfate removal at a lower cost. Should the
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pH be raised enough, the simple addition of carbonate through soda ash addition or carbon
dioxide gas, may result in a softening of the brine.
The use of nanofiltration (NF) or amine solvents have also been explored for the
desulfation of Paradox Valley brines, similar in composition to the Salt Fork brine tested in this
study [17,28]. The use of NF, however, resulted in scaling of the membranes, incredibly high
osmotic pressures, and a sulfur rich waste stream requiring proper disposal [28]. Furthermore,
these studies demonstrated that the removal of scaling constituents, such as sulfate, critically
maximized the effectiveness of both NF and membrane distillation processes [28]. Exploring
these alternatives for the treatment of Salt Fork brines may prove fruitful.
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APPENDIX A – PHREEQ-C INPUT
TITLE Simulation A. - Reduce SO4 in Brine using CaCl2 Treatment
SOLUTION 1 Salt Fork Water Well No. 2
units
mg/L
density 1.2135
pH
7.0 #estimated
Ca
775
Mg
1370
Na
89000
K
1520
S(6)
6510 #SO4
Cl
177000 charge
Br
26.3
Sr
2.89
B
7.76
Fe
0.535
Alkalinity 54.9 as HCO3
C
1
CO2(g)
-3.5
EQUILIBRIUM_PHASES
#carbonates
CO2(g)
-3.5
10
Calcite
0
0
Natron
0
0
Nahcolite
0
0
Trona
0
0
Gaylussite 0
0
Pirssonite 0
0
#hydroxides
Brucite
0
0
#sulfates
Gypsum
0
0
Anhydrite
0
0
Glauberite 0
0
Bloedite
0
0
Syngenite
0
0
Kieserite
0
0
Hexahydrite 0
0
Polyhalite 0
0
Arcanite
0
0
Burkeite
0
0
Celestite
0
0
Glaserite
0
0
#chlorides
Halite
0
0
Bischofite 0
0
Sylvite
0
0
REACTION
CaCl2
1.0
0.072 moles
INCREMENTAL_REACTIONS true
SAVE
Solution 2
END
TITLE
Simulation B. - Natron Addition
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USE Solution 2
EQUILIBRIUM_PHASES
#carbonates
CO2(g)
Calcite
0
Natron
0
Nahcolite
0
Trona
0
Gaylussite 0
Pirssonite 0
#hydroxides
Brucite
0
#sulfates
Gypsum
0
Anhydrite
0
Glauberite 0
Bloedite
0
Syngenite
0
Kieserite
0
Hexahydrite 0
Polyhalite 0
Arcanite
0
Burkeite
0
Celestite
0
Glaserite
0
#chlorides
Halite
0
Bischofite 0
Sylvite
0
REACTION
Natron 1.0
0.162 moles
SAVE
Solution 3
END
USE
Solution 3
EQUILIBRIUM_PHASES
#carbonates
CO2(g)
Calcite
0
Natron
0
Nahcolite
0
Trona
0
Gaylussite 0
Pirssonite 0
#hydroxides
Brucite
0
#sulfates
Gypsum
0
Anhydrite
0
Glauberite 0
Bloedite
0
Syngenite
0
Kieserite
0
Hexahydrite 0
Polyhalite 0
Arcanite
0
Burkeite
0

-3.5
0
0
0
0
0
0

10

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-3.5
0
0
0
0
0
0

10

0
0
0
0
0
0
0
0
0
0
0
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Celestite
0
0
Glaserite
0
0
#chlorides
Halite
0
0
Bischofite 0
0
Sylvite
0
0
REACTION
HCl
1.0
0 moles
SAVE
solution 4
SAVE
solid_solution 4
SAVE
equilibrium_phases 4
END
TITLE
Simulation C.
Evaporation
USE
solution 4
USE
equilibrium_phases 4
USER_GRAPH
Simulation D
-headings H2O Na K
Mg Ca Cl SO4
HCO3 Anhydrite Bloedite
Burkeite
Calcite Celestite
Glaserite Glauberite Gypsum
Halite
Hexahydrite
Natron
Pirssonite Polyhalite Sylvite Syngenite Trona
-axis_scale x_axis 0
1
0.1 0.01
-axis_scale y_axis -5 2
1.0 0.5
-axis_scale sy_axis -5 2
1.0
0.5
-axis_titles
"Fraction Evaporated" "Log(Molality)" "Log(Moles of
Solid)"
-chart_title
""
-start
10
graph_x 1 - TOT("water")
20
graph_y log10(tot("Na")), log10(tot("K")),
log10(tot("Mg")),log10(tot("Ca")),log10(tot("Cl")), log10(tot("S")),
log10(tot("HCO3"))
30 if equi("Anhydrite") > 1e-5 then graph_sy log10(equi("Anhydrite"))
else graph_sy -5
35 if equi("Bloedite") > 1e-5 then graph_sy
log10(equi("Bloedite")) else graph_sy -5
40 if equi("Burkeite") > 1e-5 then graph_sy
log10(equi("Burkeite")) else graph_sy -5
50 if equi("Calcite") > 1e-5 then graph_sy log10(equi("Calcite"))
else graph_sy -5
60 if equi("Celestite") > 1e-5 then graph_sy
log10(equi("Celestite")) else graph_sy -5
74 if equi("Glaserite") > 1e-5 then graph_sy
log10(equi("Glaserite")) else graph_sy -5
75 if equi("Glauberite") > 1e-5 then graph_sy
log10(equi("Glauberite")) else graph_sy -5
76 if equi("Gypsum") > 1e-5 then graph_sy log10(equi("Gypsum"))
else graph_sy -5
77 if equi("Halite") > 1e-5 then graph_sy log10(equi("Halite"))
else graph_sy -5
78 if equi("Hexahydrite") > 1e-5 then graph_sy
log10(equi("Hexahydrite")) else graph_sy -5
80 if equi("Natron") > 1e-5 then graph_sy log10(equi("Natron"))
else graph_sy -5
81 if equi("Pirssonite") > 1e-5 then graph_sy
log10(equi("Pirssonite")) else graph_sy -5
82 if equi("Sylvite") > 1e-5 then graph_sy log10(equi("Sylvite"))
else graph_sy -5
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83 if equi("Syngenite") > 1e-5 then graph_sy
log10(equi("Syngenite")) else graph_sy -5
84 if equi("Trona") > 1e-5 then graph_sy log10(equi("Trona"))
else graph_sy -5
89 if STEP_NO > 20 THEN PRINT "x", "Na", "K", "Mg", "Ca", "Cl",
"S"
90 if STEP_NO > 20 THEN PRINT 1 / tot("water"), (tot("Na")),
(tot("K")), (tot("Mg")),(tot("Ca")), (tot("Cl")), (tot("S"))
-end
REACTION 2
H2O -1.0
56.5 moles in 100 steps
INCREMENTAL_REACTIONS true
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APPENDIX B – SULFATE REMOVAL PHREEQ-C SIMULATIONS
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